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Introduction
Studies in ambient environments have identified several strong candidates to act as the responsible agents for nanoparticle formation, the strongest being the sulphuric acid 20 molecule, H 2 SO 4 (Weber et al., 1996; Sipila et al., 2010; Kuang et al., 2008) . Climate and other effects of atmospheric aerosols are tied strongly with their concentrations, and, in that way, on aerosol sources. Current experimental and theoretical understanding of nanoparticle formation suggests that in addition to H 2 SO 4 , other compounds are needed to stabilise the initial clusters of sulphuric acid to initiate new particle forma- and theoretical evidence has shown that basic gases, e.g. ammonia or certain amines could act as such stabilising agents (Almeida et al., 2013; Smith et al., 2010; Berndt et al., 2010) . In addition to these bases, various organic compounds have been proposed to participate in the particle formation process (Zhang et al., 2004; Paasonen et al., 2010; 5 Metzger et al., 2010; O'Dowd et al., 2002) . Several laboratory studies have shown evidence of biogenic emitted volatile organic compounds (BVOCs) acting as precursors for aerosol number formation (Schobesberger et al., 2013; Ehn et al., 2014; Mentel et al., 2009; Hao et al., 2009; Joutsensaari et al., 2005) ; particle formation has been shown to correlate positively with the amount of precursor BVOCs, but also depend Figures Back Close
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | this paper, we will give an overview of the dataset obtained in our measurements, and present the results of the particle formation and growth rate analysis together with a discussion of the particle formation mechanism that could lead to our observations. The experiment is, to our knowledge, the first experimental series in which realistic BVOC mixtures (in terms of both concentration levels and composition) have been measured 5 together with realistic H 2 SO 4 concentrations. As the dataset presents an excellent opportunity to test the performance of the aerosol dynamics process model MALTE (Boy et al., 2006) , we have also simulated the dataset using the aforementioned model; the results of the detailed aerosol dynamics and gas phase chemistry simulations will be presented in a companion paper (Liao et al., 2014, submitted to ACPD) . In this paper, 10 our aim is to test the hypotheses that (a) BVOCs contribute to the nanoCN formation process itself, (b) that sulphuric acid is participating in the formation process, and that (c) organic oxidation compounds are critical for the growth of small particles. In addition, our aim is to discuss our findings with respect to the possible gas-phase reactions leading to compounds participating in particle formation, and the role of boreal forest 15 BVOC emissions in realistic concentrations.
Materials and methods

The JPAC chamber setup
A detailed description of the chamber setup used for these experiments (Jülich Plant -Atmosphere Chamber facility, JPAC) and its performance is given in Mentel et al. the experiments described here PPFD in the 1450 L chamber was 60 µmol m −2 s −1 .
The smaller chamber was used as plant chamber and the larger chamber was used as reaction chamber. A schematic of the plant chamber setup is given in Fig. 1 . The general operation of the plant chamber was similar to the procedures described in Mentel et al. (2009) . Cleaned air was pumped through the plant chamber and a fraction of the 5 air leaving the plant chamber (≈ 20 L min −1 ) was fed into a reaction chamber. Besides the inlet for the air from the plant chamber, the reaction chamber had another separate inlet to add ozone and to allow keeping the humidity in the reaction chamber constant. The conditions in the reaction chamber were held constant for all experiments (T = 15 ± 0.5 • C, rH = 62 ± 2 %, [O 3 ] = 60-70 ppb without UV light and 30 to 35 ppb with 10 UV light). OH radicals were generated by ozone photolysis (internal UV lamp, Philips, TUV 40W, λ max = 254 nm, J(O 1 D) ≈ 2.9 10 −3 s −1 ) and subsequent reaction of O 1 D with water. Three to four years old tree seedlings brought from Hyytiälä were used to study SOA formation. Species used were Norwegian spruce (Picea abies L.) Scots pine (Pinus sylvestris L.), and Silver birch (Betula pendula L.). Before the measurements 15 the plants were stored outside near to a forest to obtain realistic conditions with all the environmental impacts plants experience in their environment. After that the trees were introduced in the plant chamber and allowed to adapt to the chamber for several days. While the conditions in the reaction chamber were held strictly constant those in the plant chamber were varied from experiment to experiment. Changing tempera-20 ture and PPFD in the plant chamber caused changes of the emission strengths and thus changes of the source strengths for the reactants in the reaction chamber. This procedure allowed determining the impact of the BVOC load on nucleation of nanoparticles. Generation of OH radicals was performed when the BVOC concentrations in the reaction chamber were near to steady state. changed allowing a new steady state to be reached in the reaction chamber for the next experiment. OH radical induced particle formation was measured by a suite of instruments following the particles from sizes of 1 up to 600 nm.
Measurements
The aim of the measurements was to quantify the rate of particle formation during 5 OH-induced oxidation while varying the amount of BVOC introduced into the reaction volume, and to simultaneously observe the variation of sulphuric acid concentrations. The setup for characterising the formation experiments is described in the following sections.
CIMS
10
Sulphuric acid was measured with a chemical ionisation mass spectrometer, CIMS (Petäjä et al., 2009; Mauldin et al., 1998) . In the measurement, the sulphuric acid is chemically ionised by (NO − 3 ) ions in the sample flow. The reagent ions are generated by a 241 Am alpha source and nitric acid, and then mixed in a controlled manner in a drift tube with concentric sheath and sample flows together with electrostatic lenses. Then, 15 the chemically ionised sulphuric acid molecules pass through a layer of dry nitrogen flow in order to dehydrate the sulphuric acid prior to entering the vacuum system. Once in the vacuum system, the sulphuric acid clusters are dissociated to the core ions by collisions with nitrogen gas seeping through the pinhole in the collision-dissociation chamber. The sample beam, collimated with a set of conical octopoles, is detected 20 with a channeltron after mass filtration with a quadrupole. The sulphuric acid concentration is determined by the ratio between the signals at mass 97 amu (HSO − 4 ) and the reagent ion at mass 62 amu (NO − 3 ) multiplied by the instrument and setup dependent calibration factor. The instrument used in this study was the same as that used in the studies by Sipila et al. (2010) Scanning Mobility Particle Sizer (SMPS TSI3071+TSI3025A) was used to measure the particle size distribution in the size range 15-600 nm. We used a TSI condensation particle counter (CPC TSI3022A) with a lower detection size limit of 7 nm to measure the total number of particles larger than 7 nm. To detect the smallest particles, we used a Particle Size Magnifier (PSM, Airmodus A09 prototype) to lower the cut-off size of 5 a TSI CPC TSI3022A. In the PSM the aerosol is turbulently mixed with air saturated with diethylene glycol, therefore creating a supersaturation high enough to activate even 1 nm ions, the nominal cut-off size being about 1.6 nm. The PSM was situated next to the reaction chamber, inside the thermal insulation, to minimize tube losses. The sampling line length was approximately 1 m. 10
Experimental overview
During the experimental campaign, we performed a VOC and SO 2 oxidation experiment roughly once every day. Aiming for atmospheric concentrations of VOC and sulphuric acid, we gradually reduced BVOC concentrations by reducing the temperature in the plant chamber; by varying the amount of OH generated we reduced the sulphuric 15 acid production rate. For a given OH source strength, determined by the UV flux (opening of the UV shielding), O 3 and water concentration in the reaction chamber, the OH level is to a large extent determined by the amount of OH-reactive VOC available in the chamber. The sulphuric acid concentrations observed were ca. (3-4) × 10 5 cm −3 in non-oxidising periods (UV light off). During OH production, the observed concentra-20 tions were between 1.5 × 10 6 cm −3 and 1.0 × 10 7 cm −3 . The lowest concentrations were obtained during an experiment in which no ozone was added to the reaction chamber (the afternoon of 23 September). This was due to the production mechanism of OH, which depends on the O 3 concentration. Depending on the conditions in the reaction chamber, OH concentrations deduced from GC-MS measurements were in the range between 10 7 and 10 8 cm −3 . An overview of the particle size distributions, sulphuric acid and particle concentrations, and BVOC concentrations in the plant chamber and the reaction chamber can be seen in Fig. 2 experiments with pure alpha-pinene on the 27 September, and zero experiments (no BVOC added to the chamber) on 26 September and 1 October (with added SO 2 ).
PSM detection size in relation to the particle formation size
A key factor in our experiment was our ability to detect freshly formed aerosol particles very shortly after they had been formed, and before they had grown significantly. In 5 the following, we will present the justification that this assumption was indeed correct. When the UV light was switched off in the chamber, the nanoparticle concentration observed by the PSM was approx. 100-200 cm −3 . When applying a HEPA filter to the inlet line, the instrument showed 10-15 counts cm −3 . This is in line with the small amount of sulphuric acid present in the chamber at this time, and also proves that no signifi-10 cant contribution from nucleation inside the instrument was present. Upon igniting the UV light, the particle concentration seen by the PSM started to increase almost immediately, as did the sulphuric acid concentration (see Fig. 3 ). We consider the short time difference between the start of OH production and increase in the concentration measured by the PSM as proof of measuring nanoparticles at the size at which they 15 are formed. We have tabulated the time that elapsed from the moment of UV ignition to the time that the PSM concentration reading reached a multiple of 2 and 5 of the "dark" concentration in Table 1 . If we now consider the case of the highest growth rates of the 1.6-7 nm particles, (ca. 90 nm h −1 , see Sect. 3.2) and factor in a ∆t of 16 s to doubling the particle concentration, we get at maximum a 0.4 nm difference between 20 the detection limit of the PSM and the formation size of particles. This is likely an overestimation, since the rise in concentration can be clearly recognised earlier than the 16 s used. One has also to assume a timescale for the nucleation process itself, as well as a transport time from inside the chamber to the instrument. (The nucleation process gives a timespan of ca. 10 s for doubling the concentration of 150 cm −3 , applying the Figures 
Obtaining particle formation rates
A fresh nanoparticle of a size range [d p , d p + ∆d p ] formed in the reaction chamber can have the following fates during its lifetime: (i) it grows to a larger size (ii) it coagulates with other particles (iii) it is lost to chamber walls (iv) it is flushed out of the chamber into the sampling line. Therefore, for the particle concentration N i in our size range, we 5 can write for its change in time
Herein J i is the formation rate of particles in the size range, ω is a size-dependent wall loss parameter, C is the growth rate out of the size range, K i j is the coagulation coefficient between particles in size ranges i and j and γ is the flush out. For the next-10 largest size range N i +1 , J i +1 is equal to C i N i . Therefore, for sequential size ranges, we can write:
. . .
We now assume that for the largest size range, the growth out of the largest size range is negligible and thus J n+1 is zero. Knowing the concentrations N i , and their time Figures derivatives, we can now solve for J 1 and arrive at
The coagulation coefficient was calculated using the Fuchs flux matching theory and the dilution (flushout) was taken from measured chamber flow rates. We now assume that the rate of formation at the detection limit of the PSM, measuring the 5 smallest particles, was our formation rate of nanoparticles. The size ranges that we used for analysis were based on the instrumentation available: N 1.6-7 nm , N 7-15 nm , and N >15 nm . These correspond to concentrations measured with different instruments: N 1.6-7 nm = N PSM − N CPC , N 7-15 nm = N CPC − N SMPS , and N >15 nm = N SMPS , the concentrations referring to the total concentrations measured by the instruments indicated by 10 the subscripts. The benefit of this approach is the fact that no measurement-based estimate of the growth rate is required. Therefore, we can obtain a formation rate independently from the growth rate. On 23 September in the afternoon, we performed an experiment in which the O 3 supply was turned off for the afternoon, and the chamber was illuminated with the UV light. This lead to a low formation rate of particles, but 15 most crucially, also the growth rate of particles was very low, and practically no particles reached the detection size of the CPC. Therefore, we did not apply the aforementioned method for this period, but instead simply used the time differential of the PSM data corrected with losses to obtain the formation rate. These points are indicated separately in the results. After the ozone supply was turned on later, we observed a normal 20 particle formation event (see Fig. 2 ). Wall losses were empirically assessed in experiments from the concentration fall-off after the UV was turned off, and found to be small for larger particles (> 7 nm) when compared to the dilution flow; for the smallest size range, the wall losses were estimated to be 5 × 10 −4 s −1 , which is of the order of the dilution rate.
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Obtaining particle growth rates
At the start of a particle formation pulse, one can obtain the particle growth rates following the time delays in the rise of the particle concentration of PSM, CPC, and SMPS, similarly to the analysis to determining the detection size of the PSM. We used the size sections 1.6-7 nm (PSM-CPC) and 7-15 nm (CPC-SMPS), which again corre-5 spond to the detection limits of the instruments used. The growth rate was obtained by dividing the difference of the lower and upper diameter of the size section with the time difference of observing N 0.5×max , the concentration that was 50 % of the maximum concentration observed. This is also the time of the maximum time differential in the concentration of each instrument, which can be interpreted as the peak of a log-normal 10 fresh mode passing the detection limit. Therefore, this method gives us the change in time of the count mean diameter of the fresh particle population, which is the conventional parameter used to represent growth rates of fresh particle population (see e.g. Leppä et al., 2011) 3 Results and discussion 15 In the following sections, we will show the results of the particle formation experiments, show the relation between the observed particle formation rates, sulphuric acid, and plant-emitted VOC concentrations, discuss the particle growth rates, and discuss the possible particle formation mechanisms that could explain the observed correlations.
Particle formation rates related to sulphuric acid and VOC emissions 20
During periods when no UV light was on in the reaction chamber, PSM concentrations were of the order of a few hundreds of particles per cm 3 . This indicates that in our chamber, the formation rate of particles by ozonolysis is at maximum of the order of 0.1 (cm 3 s) −1 based on a steady-state analysis with dilution as the only sink. Additionally, it should be noted that because ozonolysis reactions of some BVOC (e.g. Figures
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | alpha-pinene) yield OH as a by-product, the formed particles may be produced by the OH-reactions, and ozonolysis does not participate in particle production. These particles never grew to sizes where they could be observed by the CPC at 7 nm. Based on this observation, we can state that BVOC ozonolysis alone cannot be responsible for observed atmospheric particle formation.
Clearly detectable particle formation was observed when the UV light was turned on. To derive the nano-CN formation rates at the PSM detection limit, we applied the data analysis methods described in Sect. 2.4 to the measured particle number concentration and size distribution data. This resulted in a time series of particle formation rates covering the whole particle formation event period. As the method relies on the 10 assumption of a quasi-steady-state in the particle size distribution, we selected time periods during which changes in the particle concentrations, the size distribution, and BVOC observations were slow (see Fig. 2 ) for the formation rate analysis. We found that during a single event, after the initial burst of particles, sulphuric acid concentrations slowly increased as time progressed; simultaneously, also particle formation rates 15 increased proportionally to the H 2 SO 4 concentration. However, when conditions in the plant chamber were adjusted to change the VOC emission rates, the rate of formation for similar H 2 SO 4 concentrations markedly changed (see Fig. 4 ).
A decrease in VOC inflow into the reaction chamber corresponded to a decrease in nano-CN formation rates. This was in line with existing hypotheses that compounds 20 formed by the oxidation of plant-emitted VOCs are key compounds in the formation of new particles. Our dataset contained two experiments in which we modulated the input into the reaction chamber: on 23 September, we turned off the ozone input to the chamber and turned the UV light on, and on 27 September, we replaced the plant chamber inflow with pure alpha-pinene. These days are indicated separately in Fig. 4 , 25 as the data analysis for those days was different than for the rest of the data. For the no-ozone experiment, sulphuric acid levels were very low ((1-2) × 10 6 cm −3 ), and the nano-CN formation rate was also markedly lower than on the other days; the BVOC inflow into the chamber was on a similar level than the previous days, but the steady- Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | state BVOC concentration was markedly higher both for the dark period and the UV-on period, in line with the removal of the ozonolysis reaction pathway and the reduction of OH production from ozone photolysis. The nano-CN formation rate calculation for this experiment was based only on PSM data, as described in Sect. 2.4. For the alphapinene experiment, we had no direct measurement of the BVOC source rate, as the plant chamber was bypassed; however, we can estimate the source rate from the darktime steady state concentration in the reaction chamber. The concentration was similar to the concentration at the highest plant-induced event, corresponding to an plant chamber concentration of 3-4 ppb. However, the particle formation rate was very much lower than during the plant-induced events (Fig. 2) despite the sulphuric acid level be-10 ing at a similar level to the strongest of those events. This makes the alpha-pinene event a clear outlier of our data, and it has been excluded from the following correlation analysis.
Following the methodology of earlier studies (e.g. Paasonen et al., 2010) , we attempted to relate the observed particle formation rate to the product of BVOC and 15 oxidants (O 3 and OH), and sulphuric acid in the reaction chamber, corresponding the following formulation for the formation rate J: we found very good correlation (R 2 = 0.81) with the observed particle formation rate in the reaction chamber (as seen in Fig. 5 ). The coefficient k in Eq. (7) can be derived from the least-square fit to our observation data, and in our experiments it was 1.1 × 10 −12 cm 3 , with Q expressed as molecules (cm 3 s) −1 . Note that this formulation does not include a concentration of the organic compound, as commonly used, but 5 rather a source rate of the precursor. We will discuss this, and the rest of our findings in relation to different particle formation mechanisms in Sect. 3.3, and discuss the implications for atmospheric particle formation in Sect. 3.4.
Particle growth rates related to sulphuric acid and VOC concentrations
To study the effect of sulphuric acid and plant-emitted BVOC on the early growth of particles, we obtained the growth rate of particles at the start of each particle formation burst from the time-difference analysis as described in Sect. 2.5. The results of the analysis are presented in Fig. 6 for two size ranges, 1.6-7 nm (the dection limits of the PSM and the CPC) and 7-15 nm (detection limits of the CPC and SMPS). Over the experiments performed during the campaign, the growth rate of fresh particles ranged 15 from ca. 3 up to ca. 90 nm h −1 . During the no-ozone experiment on 23 September, particle growth rate could not be obtained due to the particles not reaching the CPC detection limit during the 3.5 h that ozone was off; therefore, we assume that the growth rate during this time was clearly below 2 nm h −1 . During the alpha-pinene experiment on 27 September, the growth rates differed from the general trend and they are there-20 fore indicated in the result figures. We found that the growth rate of particles was well correlated with the BVOC concentration in the plant chamber at the start of the particle formation burst (Fig. 6a ).
The growth rate of 1.6-7 nm particles was generally somewhat higher than for the larger particles; this is somewhat surprising, because recent literature (e.g. Kulmala Figures Back Close
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | species: quick oxidation of BVOC already in the chamber leads to higher low-volatility vapour concentrations at the start of the event. However, due to their short lifetime and the decline of precursor BVOC by oxidation, their concentration at the time particles have reached the size of 7 nm will have diminished, causing lower growth rates. The growth rate showed little correlation with the measured concentration of sulphuric acid 5 (Fig. 6b ). This we interpret as an evidence of the growth of particles being dominated by the condensation of organic species resulting of the oxidation of plant-emitted BVOC, and this is also in line with literature reports that have estimated the contribution of sulphuric acid to particle growth to be an order of magnitude lower than the contribution of organics in boreal forest conditions (Boy et al., 2005; Iida et al., 2008; Paasonen et al., 2010) . The same conclusion was reached in Liao et al. (2014), where the gas phase was modelled near-explicitly, and the growth of larger particles was analysed. Such a contribution would be lost in the growth signal of our experiments. It should also be noted that the maximum growth rate that sulphuric acid could theoretically contribute (following e.g. is of the order of 0.1-1 nm h −1 with the observed 15 H 2 SO 4 concentrations. As also found in the detailed modelling study by Liao et al. (2014) (companion paper submitted to ACPD), particle growth occurs via condensation of low-volatility vapours to the surface of existing nanoparticles. These low-volatile vapours are considered to be the result of oxidation of BVOCs, and therefore, their concentration should be propor-20 tional to the product of the BVOC concentration and the concentration of the oxidant. As the growth rate is theoretically proportional to the condensing vapour concentration, we compared the observed growth rates to the product of BVOC (we chose monoterpene as the dominant BVOC) and the measured ozone and the observed OH concentrations ( Fig. 6c and d, respectively) . We observed that the growth rate correlated very 25 well with the product of ozone and monoterpenes, but did not correlate with the product of OH and monoterpenes. This suggests that oxidation by ozone is the limiting factor in the production of condensable vapors from monoterpene precursors; this supports the findings of Hao et al. (2011) , who came to similar conclusions using a modelling approach. We also want to point out that we found clear low outliers in the growth rate data when we performed an experiment where we only used α-pinene as a BVOC precursor instead of real plant emissions. This suggests that the dominant BVOC acting as a condensing ELVOC precursor is not α-pinene, but some other emitted BVOC.
3.3 Discussion of the nano-CN formation mechanism 5 Recent studies in the particle formation mechanism and the participating species have shown that organic compounds are likely to participate in the nucleation mechanism together with sulphuric acid, and some stabilising bases, such as amines are also considered (see e.g. Almeida et al., 2013; Schobesberger et al., 2013) . In this study we did not have the capability to observe the full chemical composition of all possible species; the 10 aim was to perform experiments as close to realistic boreal conditions as possible, and relate our findings to real-world conditions. Therefore, we will explain our findings in the light of observable parameters, and discuss the implications of our results. As shown in Sect. 3.1, the best correlation of the observed particle formation rate was found using the BVOC influx and sulphuric acid concentration as the measurable independent 15 parameters (see Eq. 6). The approach taken in earlier studies, of assuming that the concentration of the organic compound participating in particle formation can be estimated from the product of the concentrations of the BVOC precursor and the oxidant, as in Eq. (6) did not show agreement with our data. The reason for this is likely due to the low concentrations used, which led to almost all BVOC precursor being consumed 20 during UV-on periods, and thus the measurement noise makes predictions using Eq. (6) inconclusive. However, as we found that the BVOC influx into the reaction chamber clearly influenced nano-CN formation, and the expression in Eq. (7) resulted in good correlation, we consider it likely that BVOC were involved in the formation process. To explain the findings, we constructed a conceptual mechanism leading to nano-Introduction
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | in the field, where the degree of gas phase and particle characterisation may often be lower than in laboratory conditions. In our system, the source strength of the precursor of BVOC is determined by the concentration of BVOC in the plant chamber and the flow rate between the chambers. The resulting source rate is denoted by q. The total BVOC react with oxidants with 5 a lumped reaction rate constant k ox , producing oxidised compounds; a small fraction (denoted by n) of the BVOC is oxidised to produce a product that is able to form clusters with sulphuric acid (NucOx). This compound, in turn, forms nano-CN with sulphuric acid with a reaction rate k J . In addition, the major fraction (denoted by i = (1 − n)) of BVOC may react to form compounds that do not participate in nano-CN formation (OxVOC, inert in terms of nano-CN formation), as well as be lost to dilution and to the wall. The same applies to the nano-CN-forming compounds: they may react further or be lost to the walls and by dilution. The simplified mechanism is described by the following set of reactions, and a schematic illustration is given in Fig. 7 .
From our measurements, we know that the BVOC is in steady state during the analysis 20 period, and we can assume that NucOx is also in steady state. Now we can solve for the concentrations of BVOC and NucOx using the steady-state approximation, setting the time change of these concentrations to zero. The BVOC concentration now is For the nucleation reaction, γ NucOx is likely to be significantly greater than the nucleation channel rate (this can be assumed from estimating the amount of molecules that form a new particle) and the second term in the denominator reduces to γ NucOx /k J [H 2 SO 4 ].
10
If we now also assume that only a small fraction of BVOC is converted into NucOx (i n, leading to (1 + i /n) ≈ i /n), then the previous equation reduces to
in which the nucleation rate is expressed as a function of measured quantities, the BVOC source rate q and the measured sulphuric acid concentration, multiplied by 15 a constant that depends on the relative molecular yield of nucleating oxidation products, the rate coefficient k J , and the loss rate of NucOX. of the total oxidised BVOC. In addition, it states that the rate of formation of nano-CN depends on the concentrations of both NucOx and H 2 SO 4 , both of which are regulated by their respective sources and losses. For H 2 SO 4 , we have experimental knowledge of the concentration, which accounts for its inclusion in the expression for nano-CN formation rate. As NucOx remains experimentally unquantified, its concentration is not included directly, but its contribution can be estimated from the measured source rate. In principle, the steady-state concentration of NucOx could be estimated also from the product of BVOC in the plant chamber and the oxidant concentration, assuming known loss rates. However, as in our experiments almost all of the BVOC is oxidised, and the concentration levels in the reaction chamber are close to the detection limit 10 of our instrumentation, and OH observations are limited in their time resolution. Thus, the relative uncertainty in the respective measurements correlation analysis (Table 2) is unable to discern between different mechanisms. Substituting the source rate and applying the assumptions leading to Eq. (11), we managed to describe the mechanism using observations with lower relative uncertainties, which enables us to state that our 15 observed data for J indeed shows the correlation that is expected from the postulated reactions. This information was also used to perform detailed modelling of the gas phase chemistry and particle formation and growth in the plant chamber system; this is presented in a companion paper (Liao et al., 2014) , which describes in detail the simulations and also focuses on particle growth.
20
The factor n/i = n/(1 − n) ≈ n (for n 1) conceptually represents the stoichiometric fractional yield of oxidised BVOC capable of participating in the particle formation process. Based on the recent results by Ehn et al. (2014) , it is possible that these compounds are similar to the ELVOC identified in their experiment. Ehn and co-authors found a stoichiometric yield of a few percent in their experiment with alpha-pinene;
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | tation reaction products (PRP) at low-NO x conditions, whereas at high-NO x conditions RO 2 reacts predominantly with NO. For our case, this would mean that the ratio n/i gets smaller, and less NucOX gets produced. The factor [H 2 SO 4 ]·k J /γ NucOx describes the ratio between the amount of NucOx lost by the nucleation process and the loss by other processes. We can estimate this ratio 5 qualitatively: the maximum value for k J can be estimated from kinetic gas theory, and is at maximum of the order of 10 −10 cm 3 s −1 . Thus the numerator is necessarily less than 10 −3 s −1 in our experiments. Comparing this to the condensation sink, which was of the order of 5 × 10 −3 s −1 , and the wall losses for NucOx of the order of 10 −2 s −1 (assuming similar wall losses as in Ehn et al., 2014) , we can see that the nucleation process itself has little influence on the concentration of NucOx. In our experiments, it is likely that the wall losses dominated the loss of NucOx, leading to a minor influence of the condensation sink on the formation rate; however, in field conditions it is likely that the condensation sink dominates and J is partly regulated by CS. This has been shown for several field studies previously (e.g. Dal Maso et al., 2007) . In their study, Metzger et al. (2010) estimated the concentration of NucOx from the particle growth rate; based on their approach, the yield of NucOx was 0.025 % of the VOC concentration. In their study, the growth rate was used also for the determination of the formation rate of nano-CN, which in our study was not required. Therefore, we present an independent confirmation of the results of Metzger et al. using different methodology.
20
As shown in studies by Mentel et al. (2009 Mentel et al. ( , 2013 and Kiendler-Scharr et al. (2009) , the mixture of BVOC has a profound effect on the particle formation, with pure alphapinene producing markedly less aerosol than real plant BVOC mixtures. This is confirmed by our experiments. For similar total BVOC source rate, pure alpha-pinene produced ca. one order of magnitude lower particle formation rates at equivalent H 2 SO 4 25 concentrations. We interpret this as a sign that the yield of NucOx from alpha-pinene is much lower than for real plant emissions.
Above, we have shown that our findings support the hypothesis that oxidised products of plant BVOC emissions enhance nano-CN formation. However, the data would
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | also support a hypothesis in which no oxidation of the BVOC is needed, with nano-CN formation occurring directly by the interaction of a compound emitted by plants in proportion of their total BVOC emission. As sulphuric acid formation in our study was coupled with photochemical oxidation, the testing of this hypothesis remains to be performed in future studies. Our results for the growth rates of particles show that 5 in contrast to particle formation, sulphuric acid played little role in nano-CN growth to larger sizes. However, the concentration of monoterpene (or BVOC in general, as total BVOC and monoterpene were strongly correlated) correlated very well with the growth rate of small particles, the only exception being pure alpha-pinene. Correlations corresponding to growth occurring by OH-induced oxidation reaction products could not be 10 observed in our experiments, while the correlations with estimations of BVOC ozonolysis products were found. As the growth rates of particles were obtained at the very start of particle formation when concentrations both in the gas and particle phase were in strong transition, we cannot reliably estimate the concentrations and yields of the condensing vapors. To do this, detailed modelling of the gas and particle dynamics is 15 required; this work has been performed in the MALTE modelling study of Liao et al.
(submitted to ACPD). While the correlations are not conclusive evidence of the ozonolysis products governing nanoparticle growth, the data seems to suggest that this is likely, at least for boreal forests.
Relevance to atmospheric particle formation 20
The key aim of our study was to quantify the effect of boreal BVOC on the particle formation rates at realistic concentration levels. Because the emission was de-coupled from the photochemistry and aerosol formation in our experiments, we now can determine whether the BVOC source is comparable to ambient conditions. We compared the rates with which the BVOC were introduced to the reaction Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | periment, the ambient emission rate needs to be compared to the rate at which BVOC were introduced to the reaction chamber, i.e. the source rate q in our simplified reaction system (Reaction R2). We measured the source rate into the reaction chamber by measuring the concentration in the plant chamber outlet. Taking dilution into account, a measurement of a 1 ppb concentration at the outlet of 5 the plant chamber corresponds to a BVOC source rate of 1.35 × 10 13 molecules s −1 into the 1.45 m 3 chamber, corresponding to 2.08 ng s −1 m −3 (assuming monoterpene, M = 136 g mol −1 = 2.26 × 10 −22 g molecule −1 ). Thus, the source rate in our chamber can be estimated as 1.5-8 ng s −1 m −3 . To compare this to ambient conditions, we need to estimate the "reaction volume" in the atmosphere. Spanke et al. (2001) observed 10 that the area of the strongest chemical degradation of monoterpenes in the boreal forest occurs near the top of the forest canopy. We can therefore assume that the reaction volume extends some tens of meters above the forest. Also, as discussed before, we assume that the oxidation of emitted BVOC occurs quickly after it is exposed to an oxidising atmosphere. Thus we can estimate the "reaction volume" to be a layer of 15 roughly 10-50 m thickness, centered at the the VOC-emitting vegetation, giving a maximum source rate into the ambient reaction volume of 20-100 ng s −1 m −2 divided by 10-50 m, resulting in 0.04-10 ng s −1 m −3 , which is directly comparable to our chamber.
To convert our relation of the particle formation rate and BVOC source rate to units used for boreal forest emissions, we apply the formulation
Here, E is the ambient emission rate of BVOC in ng m −2 of forest area, h is the particle formation layer height (= the "reaction volume") in meters, and K E is the fit parameter, which for our experiments was K E = 4.5 × 10 −6 m 3 ng −1 . Thus for an emission rate of 50 ng s −1 m −2 mixed into a layer of thickness 50 m and at a sulphuric acid concentration 25 of 1.0 × 10 6 cm −3 , we would get J = 10 cm −3 s −1 (see Fig. 8 ). Because the chemical identity of NucOx is presently still unknown, this formulation may be more robust than formulations involving yields, reaction rates, and sink strengths of unknown chemical compounds that are essentially fitting parameters. Assuming that atmospheric particle formation occurs similarly to the process in our chamber, i.e. the BVOC oxidation and subsequent nano-CN formation occurs quickly after emission if sufficient sulphuric acid is present, then our formulation can be directly applied to atmospheric conditions. 5 One caveat remains: as stated in the discussion of Eq. (11), K (and therefore also K E ) is actually a parameter including the fractional yield n/i of NucOx, the "activation parameter" k J , and the loss rate of NucOx. In our chamber the loss rate was influenced (and probably dominated) by the wall loss rate, which does not apply for ambient conditions, where the condensation sink will be the dominant sink. Therefore, for atmo-10 spheric application, the K E should be scaled by the condensation sink. It should also be noted that our parameterisation is only valid for unstressed boreal vegetation; other types of vegetation, or stress conditions, leading to different emission profiles (e.g. Mentel et al., 2013) will produce NucOx with a different fractional yield n, and thus K E will change for such emissions; this is exemplified by our α-pinene experiment, which 15 produced almost an order of magnitude lower particle formation rates than the boreal plant mixture for similar BVOC and H 2 SO 4 levels. Such stress conditions could occur e.g. during early spring recovery of the forest, which has been show to produce more nucleation mode particles (Dal Maso et al., 2009 ). In addition, our experiments were performed under fairly constant and high OH production; it is likely that variable OH will 20 have an influence on the n/i ratio, and therefore the simplified form in Eq. (11) is not applicable, and one should apply the full form given in Eq. (10).
Conclusions
We performed controlled nano-CN formation experiments in the Jülich Plant-Atmosphere Chamber setup using boreal forest BVOC emitters and simultaneously Figures Back Close
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Our findings are a step towards more exact predictions of the response of atmospheric aerosol formation to future changes in trace gas emissions and land use changes. The nucleation process presents an upper limit for the cloud condensation 10 nuclei (CCN) production; loss processes such as deposition and coagulation result in only a fraction of formed particles reaching CCN size. The faster the nanoparticles grow, the higher this fraction is. As plant-emitted organics enhance both the maximum number and the survival probability of potential CCN, biogenic activity and stress impacts on plants may play a significant role in negative climatic feedbacks via aerosol 15 effects (Kulmala et al., 2004 (Kulmala et al., , 2014 . Also, the impact of organic emissions on particle concentrations is enhanced compared to a situation where only sulphuric acid determines the initial nuclei formation rate.
More generally, the magnitude of the BVOC effect depends on the SO 2 concentration. In SO 2 -polluted environments, the effect of variation in BVOC will diminish and 20 particle formation is mainly determined by the H 2 SO 4 concentration. At low SO 2 concentrations, the BVOC effect becomes more dominant. Therefore, the effect of BVOC cannot be ignored when modelling tropospheric aerosol formation in clean conditions, such as the pre-industrial period (Merikanto et al., 2010) or rural areas, or when making projections for future aerosol loadings (e.g. Arneth et al., 2010) . In these cases SO 2 25 levels are likely to be low, and the BVOC effect on nucleation has potentially a major impact on particle and CCN formation. Figures
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